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Abstract  
Dispersal is a primary function of most living organisms and is vital for reproduction and 
population growth. Aiding in population persistence as well as gene flow within a 
population and also between metapopulations, dispersal is vital for ensuring biodiversity 
and the conservation of populations and species. This study demonstrated for the first 
time the use of genetic tools on seeds dispersed by emus. Through the use of 
microsatellite markers, this study assessed the genetic diversity and structure of plant 
populations of Leucopogon nutans (a fire-killed perennial shrub) in two SW Australian 
jarrah forest areas that differed in disperser (emu) abundance; an area with high emu 
abundance (Avon Valley; AV), and one with low emu abundance (Sawyers Valley; SV). 
Seeds were also sourced from emu scats in the high abundance (Avon Valley) area. 37 
scats were analysed and contained a mean of 255±140 fruits per scat, with a total of 11 
000 fruit collected overall. Seed fill in scats was low, with 2% of fruit containing seeds. All 
three sampled groups (plants at AV and SV, scats at SV) showed high levels of 
heterozygosity (He ≥0.50). Most importantly, seeds sourced from emu scats showed a 
relatively high level of population differentiation (mean FST= 0.052±0.036) and when 
compared to adult plants at the same site showed an even higher level of differentiation 
(mean FST=0.066±0.021). The area with low emu abundance (SV) showed the lowest 
level of population differentiation between plant samples (0.014±0.01). The high level of 
differentiation between seeds sourced from scats and adult plants at Avon Valley 
suggests that a portion of the seeds in scats originated outside of the adult plant sample 
region. This suggests that there is greater genetic structuring 1) within scats, compared 
to adults over the same area and 2) in areas with high emu abundance.  
These results reflect emu foraging habits, suggesting that emus graze within small 
patches of genetically similar adult plants before moving some distance (up to several 
kilometres) to other grazing hotspots. They support the, up to now largely 
circumstantial, evidence of emus as long distance dispersal vectors, with evidence 
suggesting that a portion of the potentially viable seeds found in scats originated greater 
the 3km away.  
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The genetic consequences of emus as a vector for the long 
distance dispersal of seed in Leucopogon nutans 
1. Introduction 
Dispersal is a fundamental process of natural systems, affecting population dynamics, 
density, recruitment, metapopulation dynamics, species distributions and species range, 
and maintaining both genetic diversity and species diversity (Wang and Smith 2002). 
Although dispersal and gene flow are related, they have two distinct meanings. For 
plants, dispersal in this context is defined as the movement of seeds (or other 
propagules) that are able to become established away from the source (Nathan 2006), 
while gene flow refers to the movement of genes, through pollen and seed (Ouborg et 
al. 1999).  Importantly, as seeds are diploid, they move twice as much genetic material 
as pollen, which is haploid, and therefore are a more powerful mechanism for gene flow. 
Dispersal is vital for maintaining biodiversity and the conservation of populations and 
species (Trakhtenbrot et al. 2005, Nathan 2006). Land use modifications, climate change 
and fragmentation of landscapes result in dispersal networks becoming disrupted, 
altering the effectiveness and distance of dispersal by dispersal vectors (Schaberg et al. 
2008, Schupp et al. 2010). Recently, there has been a renewed interest in the 
importance of long distance dispersal as a way for plant populations to expand in range 
and for gene flow between population and fragments (Nathan 2001, 2005), particularly 
in relation to the potential impacts of climate change.  
Plants have adopted many novel ways to achieve dispersal, which plays a fundamental 
role in plant evolution. The major modes include dispersal by wind, water, invertebrates 
and vertebrates. In defining modes of dispersal, specialised dispersal refers to seed that 
has adaptations for dispersal by a certain vector, while generalised dispersal is the 
absence of a specialised adaptive characteristic (Berg 1983). Specialised dispersal is 
mediated by standard vectors, which is inferred by seed morphology (e.g., a seed with a 
wing is assumed to be dispersed by wind), whereas generalised dispersal is mediated by 
a non-standard vector (e.g. a seed that is adapted to be dispersed by ants, can also be 
dispersed by emus (Calviño-Cancela et al. 2006). Notably, both non-standard and 
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standard vectors could be operating at the same time on the same plant, often over 
different scales (Nathan et al. 2008).    
Scale of dispersal defines current habitats of species, and since dispersal distance and 
rate is a limiting factor for range expansions, dispersal scale also defines possible range 
expansion zones.  Local dispersal is most common, whereby most seed produced by a 
plant is gravity dispersed and falls under or close to the plant that produced it. Local 
dispersal has important advantages for populations, such as local population growth and 
persistence in habitat patches known to be suitable for their growth (Schupp et al. 
2010). Dispersal events where seeds are deposited away from the area directly 
underneath the parent plant have positive consequences associated with a decrease in 
competition between adult and offspring, but may include loss of seeds to unsuitable 
sites for growth. Dispersal that moves seed away from parent plants may also reduce 
the chances of predation by specialist predators that occur on adult plants (Chambers et 
al. 1999). Conversely in some species, seed deposition below other plants results in a 
higher germination and establishment rate (nurse effect), due to the favourable 
microsite created by the nurse plant (Ren et al. 2008), and possible protection from 
herbivores as well. Local dispersal ultimately results in localised community growth and 
persistence, leading to an increase in seed production as the number of plants locally 
producing seed increases. As a consequence of an increase in total seed produced by a 
population, rare long distance events have a higher chance of occurring. 
Long distance dispersal (LDD) is a complex process of stochastic and rare events, which 
make it very difficult to quantify, and defining LDD is equally difficult (Nathan, 2006). The 
two definitions most commonly used in the literature are; an absolute threshold 
distance that may correspond to key biological or physical features or a relative 
threshold based on some percentile at the tail of the dispersal kernel, e.g. a fraction of 
all dispersed seed having a mean dispersal distance greater than 500m (Nathan, 2006). 
The use of either definition will depend entirely on the specific nature and scale of the 
study system. In terms of this study, the definition used relates to the level of population 
differentiation seen within populations. Importantly, this study will infer that long 
distance dispersal has taken place, if the levels of genetic differentiation as measured by 
a combination of FST and genetic distance show that it is likely that the seed is of 
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significant genetic difference and distance when compared to the surrounding adult 
plants.  
To gain an understanding and quantification of LDD, new research techniques have 
utilised molecular markers, including microsatellites (Sunnucks 2000). Microsatellites 
(also known as simple sequence repeats or short tandem repeats) are typically highly 
polymorphic, repeated sequences in DNA that are ubiquitous in living organisms. These 
markers are highly variable, with enough variation in the markers to be able to 
distinguish between individuals. Importantly, these markers can be used to identify 
many biologically important characteristics of a population. For example because of the 
rate of polymorphisms, the use of microsatellites can provide information on spatial 
genetic structure (SGS) both within and between populations, leading to a greater 
understanding of gene flow - depending on the presence or absence of structure (Sork 
et al. 1999). In terms of LDD, microsatellites can also enable the quantitative estimation 
of dispersal directly through the use of parental assignment (Ouborg et al. 1999, 
Sunnucks 2000).  
The use of a combination of genetic measures, including allelic diversity, heterozygosity, 
SGS, and SGS population differentiation, will provide information on the extent and 
pattern of dispersal within a study system. SGS of selectively neutral markers provides 
insights into the scale and extent of dispersal structure, while population differentiation 
provides insights into the intensity of dispersal among seeds dispersed by dispersal 
vectors. In a system where dispersal is consistent and successful, there should be only 
weak spatial genetic structure and homogenetic variation in alleles in all sampled 
populations. In terms of seed which is dispersed by endozoochory (dispersal of seed 
after ingestion of seed or fruit), FST(FST, Fixation index) values should be close to zero, 
the expectation being that there should be more variation within scats than between 
scats, due to the nature of animal movements and constant foraging behaviour as they 
move through landscapes. 
In the case of dispersed seed, the use of FST will allow for an indirect estimation of 
dispersal and how animal movements influence genotypic spatial structure. Notably, a 
comparison between regions of high dispersal vector activity and low dispersal vector 
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activity will allow for the characterisation of the effect emus may have on population 
structure and may infer their movement patterns.  High levels of between population 
variations would suggest that genetic dispersal is not uniform across the landscape. The 
use of SGS will allow for investigation of how alleles are distributed across landscapes. 
This method follows the isolation by distance model that relies on the basis that 
individuals will be less genetically similar as the distance between individuals’ increases. 
SGS, through the use of spatial autocorrelation analysis (SAA), tests if the distribution of 
alleles is random, i.e. no spatial structure. This will allow also for approximation of 
dispersal distance. Structure is expected to be evident if dispersal distance is short, or 
long distance dispersal is limited, resulting in higher levels of locally dispersed alleles. 
In this project, I aim to examine the consequences of emus as a vector for the LDD of 
seed in Leucopogon nutans, within areas of different levels of disturbance and 
fragmentation. Using a novel procedure of genotyping plants, and seeds sourced from 
emu scats, I aim to obtain an indirect estimate of gene flow. Using measures of spatial 
genetic structure and genetic differentiation of seeds among scats and plants from 
where scats were sourced, I seek to infer the scale and pattern of LDD of seed of L. 
nutans.  
Specifically the aims of the project are: 
To assess genetic diversity and spatial genetic structure of Leucopogon nutans 
plants, and their seeds found in emu scats of known location, by comparing;  
1) Seeds within scats;  
2) Seeds among scats,  
3) Seeds from scats with local adult plants and; 
 4) Spatial genetic structure and genetic diversity between areas with low emu 
abundance and areas of high emu abundance.   
Assessment of genetic diversity and structure will be conducted through the utilisation 
of microsatellite markers, and the application of a range of genetic and spatial genetic 
structure statistics, which will provide insight into the role emus play as dispersal agents 
for L.nutans. 
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Specifically, in regions of low emu abundance, I expect to see greater genetic structuring 
of alleles, due to limited dispersal. In the region with high emu abundance, I expect to 
see low genetic structuring, with low levels of FST and very little partitioning of genetic 
variation among populations. I expect to see a greater genetic distance between seeds 
sourced from scats and the adult plants, as this will infer dispersal of seed into the 
region, this should be supported by a high pairwise FST between adult plots and seed 
sourced from scat.  
Due to the emu’s body size and home range, I expect to see a large number of seed per 
scat, with high levels of genetic diversity, which would indicate that emus graze over 
large tracts of land and have the potential for large-scale dispersal. 
This thesis will explain in detail the effect on spatial genetic organisation and diversity as 
a consequence of emu mediated seed dispersal. Further this thesis will outline the 
results of the study, specifically, highlighting some important ecological characteristics of 
dispersed seed, followed by the diversity and structure of dispersed seed, the adult 
plants in a region of high abundance, followed by a region of low emu abundance. Finally 
I will critically discuss and compare each of the study regions, and importantly, I will 
compare this study to other studies of animal dispersed plants.  
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2. Methods 
This chapter presents the methods by which this study was conducted. Firstly, I outline 
the study species and the study regions, followed by an in-detail explanation of the seed 
handling and genetic components of this study, and conclude with the statistics that 
were utilised in this study.  
. 
2.1 Study Species 
Leucopogon nutans, E. Pritz. 
Leucopogon nutans, E. Pritz. (Ericaceae) is a common small shrub that grows to a height 
of around 1.3m in lateritic soils of Jarrah forest on the Darling Range near Perth, 
Western Australia (DEC, 2011). It displays white flowers in April-June and fruits shortly 
thereafter, typically producing hundreds of fruits per plant per year. The fruit range from 
1mm to 2mm in length is ellipsoid in shape with a fleshy fruit coat, which may act as an 
attractant for frugivores. Leucopogon nutans is killed by fire, which impacts the 
demography of populations, relying on post-fire recruitment of soil-stored seeds similar 
to other Leucopogon species(Ooi  et al. 2006). Being fire- prone makes this species an 
ideal candidate for this study, as any negative genetic consequences of seed dispersal 
may be measurable relatively sooner as all recruitment post fire will be from soil stored 
seed. 
 
L.nutans has a complex dormancy mechanism with no successful laboratory germination 
at present (Allan et al. 2004, Ooi et al. 2006). Field knowledge suggests that germination 
is cued by fire and or smoke, with observations of recruitment following fire.  
Emu (Dromaius novaehollandiae) 
The emu (Dromaius novaehollandiae) is a flightless bird native to Australia, is 
predominantly a frugivore and as such is a potential LDD vector for many plant species, 
specifically due to its large body size and extensive home range, allowing for long 
distance seed movement (Calviño-Cancela et al. 2006). The emu could potentially be 
very important for seed dispersal in Australia. As one of the few remaining herbivorous 
mega fauna that are capable of consuming large fruit, consume large number of fruit 
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and move over potentially long distances (McGrath and Bass 1999). Its diet is widely 
varied and changes depending on what fruits are available (Davies 1978). As the emu’s 
range extends over most of Australia, it may play a fundamental role in many ecosystem 
functions stemming from the dispersal and establishment of seed. Little research has 
been conducted on emu generated seed dispersal and as a consequence, very little is 
known about the effects of plant demographics in the absence of emus.  
2.2 Study Site 
To examine the effect of emus on spatial organisation of dispersed seed, this study was 
conducted over two distinct regions. First, Avon valley, which has a high level of emu 
abundance and emu activity and the second region, Sawyers valley has low emu 
abundance. The comparison of these two sites will allow for inference into the effect of 
dispersal by emus.   
Avon valley (AV) 
Avon Valley National Park (AV) is located 50 km north east of Perth, Western Australia. It 
is situated on the Darling Scarp and Darling Range, with open, dry sclerophyll, eucalypt 
forest dominated by Jarrah (Eucalyptus marginata) and Marri (Corymbia calophylla) 
(Molloy, 2007). Beneath the main canopy lies a secondary canopy dominated by 
proteaceous species including; Banksia grandis, Persoonia elliptica and Banksia sessilis. 
The under-storey vegetation is dominated by grass trees (Xanthorrhoea preissii), the 
cycad, Macrozamia riedlei, and a variety of woody shrub species primarily from the 
families Myrtaceae, Ericaceae and Fabaceae (Molloy 2007). 
Avon Valley was chosen as one of the two study sites because L.nutans is abundant and 
the area is known to have a large population of emus based on evidence from local 
observers and an abundance of emu scats (faeces) within the research area (Fig 2.3), 
often containing L.nutans fruit. 
Sawyers Valley (SV) 
Sawyers Valley (SV) is located 33 km east of Perth and is also situated on the Darling 
Range with open eucalypt forest (dry sclerophyll) dominated by Jarrah (E.marginata) 
and marri (Corymbia  calophylla). Secondary canopy vegetation consists of localised 
stands of Allocasuarina fraseriana and proteaceous species such as Banksia grandis and 
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Persoonia elliptica. Under-storey vegetation is dominated by grass trees (X.preissii), M. 
riedlei and various Hakea species including H. undulata and H. prostrata as well as other 
woody shrub species (Molloy 2007). Sawyers Valley was chosen as L.nutans is present 
but the area currently has a very low population of emus, based on density of scats 
(faeces) within the research area assessed in 2011 (fig 2.3.)(Nield unpublished)
 
Figure 2.1| Mean number of emu scats counted across the Avon Valley and Sawyers Valley sample plots. 
Recorded twice a month from: February 2011 to August 2011. n= number of plots sampled.   
2.3 Fruit and Plant Sampling 
Sampling was conducted within 20 plots, measuring 30m x 30m established in 2011 over 
a 3 x 3 km region of Avon Valley National Park as part of a larger study (Nield 
unpublished) These plots were evenly spaced on a systematic grid at approximately 
600m intervals. A random sample of 10 of the 20 plots was chosen from which scats 
were collected. A total of 50 scats were collected from within the 10 plots. Scats were 
collected as they were identified within the plot, until a maximum of 5 scats per plot was 
collected. In some cases there were fewer than 5 scats in some plots.  Emu scats were 
collected and bagged on site, and the location of the south west corner of each plot was 
determined by global positioning system (GPS), allowing for mapping and analysis of 
geographic locations of scats. 
 
Fruit from scats 
Fruit from scats were washed and visually identified to allow for separation of L.nutans 
fruit from fruit of other species within each scat. Size and shape were used to distinguish 
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between L.nutans fruit and morphologically similar fruit of a co-occurring Leucopogon 
and a Styphelia species. Leucopogon nutans fruit is ellipsoid in shape, whereas the other 
co-occurring Leucopogon, (currently unnamed, M.Hislop personal communication) has a 
narrowly obovate shape and is smaller overall. The co-occurring Styphelia is larger in size 
than L.nutans but is also ellipsoid in shape. The presence of endocarp fill for each L. 
nutans fruit collection was determined by x-ray imaging at 18kv for 10seconds using a 
calibrated Faxitron Specimen Radiography System (MX-20 Cabinet X-ray Unit; Faxitron, 
Wheeling, IlL, USA). Seeds were removed from fruit using mechanical methods including 
hand pliers, and vice grips to break the hard exocarp to expose the seed, but due to the 
nature of the L.nutans seed, removal of intact seed from fruit was difficult.  
 
Fruits from under adult plants 
In order to assess the DNA composition of the endosperm and embryo tissue within a 
seed, as the embryo of the seed in diploid with paternal and maternal genetic material, 
while the endosperm triploid, containing genetic material from both parental plants. 
This was conducted to ensure that the genotypes of the full seed represented a 
combination of parental genetic material. I sampled fruit from under seven randomly 
selected adult plants from three plots, totalling 1007 fruit. The seed were excised from 
the fruit as previously described except the embryo was separated from the endosperm. 
This collection from the soil seed bank was conducted in early February 2013, shortly 
before the new crop of seed. Leaf material was also collected at time of collection in 
order to correctly assign parental plants. This provided good insight into seed biology of 
L.nutans, and informed on the genetic nature of the embryo and endosperm.  
 
Plant sampling  
Plants were sampled in October and November 2011 (Poulton 2012) and stored at -80ºC 
at Kings Park laboratory  to ensure DNA quality. Sampling involved the collection of 
leaves from L. nutans plants across two 3km x 3km areas at Avon Valley (AV) and 
Sawyers Valley (SV) respectively. First, 30 randomly chosen plants were sampled from 
each of five 30m x 30m plots within a single site at Avon Valley, and seven 30m x 30m 
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plots at Sawyers Valley. These plots were evenly spaced on a systematic grid at 
approximately 600m intervals. In addition, two additional random collections were 
conducted. 45 random plants were sampled from across two different regions at 
(random site av1 and random site sv1) in the intervening area between plots. Another 
50 random plants were sampled from the secondary populations (random site av2 and 
random site sv2) at both the Avon Valley and Sawyers Valley sites, providing a total of 
400 samples.  These random sampled individuals will provide the basis for the use of 
spatial autocorrelation analysis, which will assess if genetic material is arranged 
randomly across the landscape and using two sites at each region provides replication to 
strengthen this study’s ability to detect spatial patterns. 
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 Figure 2.2| spatial configuration and coordinates of sampled plots at Avon Valley. Black represents plots 
where scats were sampled. Green represents where Adults were sampled. Red represents where Adults 
and Scats were sampled. Distributed over 9km2 region of Avon Valley, 3km x 3km area. Coordinates in 
degdec.  
 
Figure 2.3| spatial configuration and Coordinates of Sawyers Valley sampled sites, distributed over a 
9km2 region of Sawyers Valley. Only adult plants were sampled from Sawyers Valley. 3kmx3km area. 
Coordinates displayed in degdec. 
 
Figure 2.4 | Satellite image with sampled regions outlined, two sites Sawyers Valley, and two sites at Avon 
Valley. (map from (Poulton 2012) 
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2.4 DNA Extraction  
 
Leaves 
Genomic DNA (5 µg) was isolated from leaves of each of the 400 sampled individuals of 
L. nutans from 0.5 grams of frozen tissue using the CTAB (Hexadecyltrimethyl-
ammonium bromide) based extraction method (Potter et al. 1984).  
Seeds 
297 seeds were excised from L.nutans fruits for DNA extraction. DNA extraction was 
carried out using a Qiagen DNeasy plant mini protocol with the following modifications: 
seeds were immersed in 20µL of TE buffer (Qiagen) in a 1.5ml tube and immediately 
place tube into bath of liquid nitrogen for 1min then transfer immediately to boiling 
water for 1 min, repeated twice. Remove from boiling water and add 400 µL of AP1 
buffer (from Dneasy plant mini kit) and incubate at 55oC overnight. Proceed following 
Qiagen DNeasy instructions, except the AE buffer(Qiagen)  for the final step was left on 
the silica matrix overnight then centrifuged at 13,000 rpm (Dneasy® Plant Handbook 
06/07 Qiagen, USA).  
 
2.5 Polymerase chain reaction (PCR) and sequencing conditions 
Seven microsatellite markers(LN4, LN9,LN16,LN18,LN24,LN25 and LN26) were used to 
amplify DNA samples  and  were designed as part of a previous study (Poulton 2012) 
with some modifications (Table 1.1). PCR’s were run in 10µL reactions on a Veriti 96 well 
Thermocycler. Between 10-50 ng of DNA was diluted with 2.0 µL of 5X polymerisation 
buffer (containing DNTP’s), between 2.0mM and 3.0mM of 25mM MgCl2, 0.44µL Taq 
DNA polymerase, 1.6mM of each forward and reverse locus-specific primers. 
Denaturation at 94°C for 3 min followed by 30 cycles at 94ºC for 40 sec, annealing stage 
temperatures outlined in Table1.1, and 72ºC for 30 sec; and a final elongation step at 
72ºC for 15 min for all loci except AV26, where there was a touchdown for 20 cycles of 
0.5ºC degrees per cycle. Each run consisted of a blank that was run without template 
DNA to ensure no DNA contamination was present as well as a positive control to ensure 
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correct PCR conditions. PCR products were separated by electrophoresis using a 
Beckman 8800 sequencer and alleles were sized using CEQ 8800 Genetics Analysis 
system program (Beckman Coulter, Brea, California USA), using 300bp size standard.  
 
Table 1.1. Modified primer conditions.  Range – fragment length in base pairs. Mgcl2  In mM. Tm- 
annealing temperature ºC. See Poulton 2012 for original conditions. 
Locus Ln4 Ln9 Ln16 Ln18 Ln24 Ln25 Ln26 
Range 
(base 
pairs) 125-135 125-139 91-93 
153-
173 
139-
155 90-94 107-127 
MgCl2 2.0mM 2.0mM 2.5mM 2.0mM 2.0mM 3.0mM 3.0mM 
Tm 57 ºC 57 ºC 54 ºC 57 ºC 57 ºC 54 ºC 
57 ºC 
touchdown 
 
2.6 Genetic Diversity 
Descriptive statistics were calculated using GenAlEx 6.5 (Peakall and Smouse 2006, 
Peakall and Smouse 2012) to estimate levels of genetic diversity within and among 
sampled populations, including the effective number of alleles (Ne) and number of 
alleles (Na), Expected heterozygosity (He), observed heterozygosity (HO) and the 
Shannon’s Diversity Index measure of genetic diversity, were also calculated. Critically, 
these measures will inform on the diversity of seeds and plants within a region. High 
genetic diversity in scats, would suggest that emus graze on multiple plants.  
Also, private alleles were noted in each sampled group. Private alleles are those alleles 
that only appear within a single sampled plot or scat. These will infer the level of mixing 
between sampled groups. 
 
2.7 Genetic Variation 
Further, to establish variation within and among sampled groups, pair-wise population 
differentiation analysis (FST) was used to estimate the genetic differentiation among 
populations, which under certain assumptions provides an indirect measure of gene flow 
(Whitlock and McCauley 1999). FST, is a measure of genetic similarity based on levels of 
difference in allelic variation between populations (Whitlock and McCauley 1999). It 
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is defined as the correlation of randomly chosen alleles within the same subpopulation 
relative to the entire population, or equivalently, the proportion of genetic diversity due 
to allele frequency differences among populations (Holsinger and Weir 2009) Using this 
measure, we can gain an inference of levels of gene flow between populations, by using 
neutral genetic markers and based on the equation, FST≈1/(4Nm + 1) where N is the 
effective population size and m is the rate of migration between populations. This is 
based on a range of  strict assumptions (Whitlock and McCauley 1999). In terms of this 
study, Nm will not be calculated due to an inherent bias when systems do not meet the 
assumptions(Whitlock and McCauley 1999), but dispersal will be indirectly inferred by 
FST (Holsinger and Weir 2009). 
Fundamentally, FST is constructed around the idea that variance in gene frequencies 
among different populations is related to the number of migrants which are dispersed 
into the population each generation(Wright 1943). FST ranges from 0-1 in value, with 0 
being equal to no variation in allelic frequency between populations, while 1 is that 
there is complete difference in allelic frequency between populations.  Therefore, if 
dispersal is extensive, FST will be close to zero, and as populations become more 
disconnected and dispersal intensity reduces, FST increases.  
Given certain assumptions, FST is a main indirect indicator of dispersal, and as such, a 
pair-wise FST was conducted between 1) scats sourced from the same plot, 2) scats 
sourced from all of Avon Valley, 3) adults at Avon Valley, 4) adults at Sawyers Valley, and 
5) scats sourced at Avon Valley and adults at Avon Valley. 
An Analysis of Molecular Variance (AMOVA) was conducted to partition the total genetic 
variance into within and among population divisions; this provides evidence for spatial 
genetic structure among populations. AMOVA comparisons were made between genetic 
differentiation of adult plants at Avon Valley, at Sawyers Valley and seeds sourced from 
scats.  
To establish genetic distance between sampled plots, the use of a principle coordinate 
analysis (PCoA) was conducted. The PCoA visually depicts genetic distance of individuals; 
this will inform on genetic similarity of sampled plots and scat.  
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2.8 Spatial Genetic Structure 
 
The Spatial Genetic Structure (SGS) of each adult population was characterized using 
Spatial Autocorrelation Analysis (SAA) in GenAlEx 6.41 (Peakall and Smouse 2006, 
Peakall and Smouse 2012), based on isolation by distance theory; i.e. genetic difference 
will increase as distance between two individuals increases. SAA generates correlation 
coefficients for all pairs within a distance class, according to  (Smouse and Peakall 1999) 
and is described  as spatial autocorrelation of individuals that are  h steps apart.   
 
 Distance classes were evenly spaced at 250m intervals over 10 classes. The SAA results 
for each population were displayed as correlograms, which shows the correlation 
coefficient (r) and confidence limits between genetic distances of individuals at each 
distance class (Vekemans and Hardy 2004). Each correlogram has upper and lower 
confidence limits and a correlation coefficient  generated by 999 random permutations 
of the data,  with a confidence interval of 95% (Peakall and Smouse 2006). The Sp 
statistic is a pair-wise comparison on genetic likeness and allows for assessment of 
spatial genetic structure among populations, which will allow for further assessment of 
allelic migration (Hardy and Vekemans 2002) as well as comparisons of genetic likeness 
of this study population, to other populations and species,  giving a relative level of 
population differentiation (Vekemans and Hardy 2004). The Sp statistic is a ratio of  
mean inbreeding coefficient of all pair-wise comparisons (Fij) and regression slope (b�F) 
of F�i , of all pairs in the first distance class of pair-wise comparisons, expressed as Sp= -
b�F/Fij  , calculated using SPAGeDi 1.3  (Hardy and Vekemans 2002). 
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Results 
In this chapter I will outline the results of this study. Firstly by stating the results 
associated with the ecology of L.nutans seed, the seed fill, and outlining the results of 
the collections from the soil seed bank. Then continue on to explaining and displaying 
the genetic results, starting with the genetic diversity found across the three sampled 
groups (AV, SV and the seed collect at AV) then move on to the genetic variation seen in 
these collections. Further, the spatial structure using SAA and Sp statistics will be 
demonstrated. Finally, there will be a direct comparison of the seed sourced from AV to 
the standing adults at AV.  
3. Seed results  
 
3.1 Seeds in scats 
From the 50 scats collected, 37 had fruit of L. nutans with seed suitable for extraction, 
the remaining 13, contained no L.nutans. A total of 11,000 fruit were sourced from the 
37 scats. There was an average of 255±140 Leucopogon fruits per scat, ranging from 668 
fruit from scat AV19.4 to a minimum of 80 fruit s from scat AV19.3 (Table 3.1). From the 
11,000 fruit, 297 seeds were excised, with a seed fill of 2.7% (likely viable) seeds per scat 
(Table 3.1). There was no evidence of predation on fruit in scat.  
 
3.2 Seed from Soil seed bank collections 
From the seven collections from the soil seed bank of 1007 fruit were collected and 9 
seeds were excised – the remaining fruit being devoid of seed. From an average of 149 
fruit collected per plant there was an average seed fill of 0.62%±1.64%. However, fruit 
from six of the seven plants had no viable seed, with all nine viable seed coming from 
under a single plant (plant 2) (Table 3.2). This collection also seemed to be part of an 
emu scat, as evident by the clumping of the seeds and similar characteristics that were 
consistent with an emu scat. From the collection of 1007 fruit from the soil stored seed, 
600 (ca, 60%) had been subject to predation (Fig 3a, 3b, 3c).This predation was seen in 
all collections except from the soil seed bank collection from Plant 2, which as described 
showed evidence of being part of an emu scat.   
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Table 3.1|Plot number and number of fruit per scat, number of viable seed in each scat, plus the 
percentage seed fill per scat (%) 
Quadrat 
sample 
Number of fruit in 
scat 
Number of viable seeds in 
scat 
Seed 
fill % 
AV20.1 269 6 2.23 
AV20.2 157 5 3.18 
AV17.1 358 19 5.31 
AV17.2 190 10 5.26 
AV17.3 413 25 6.05 
AV1.1 640 11 1.72 
AV1.2 355 9 2.54 
AV1.3 246 2 0.81 
AV1.4 346 9 2.60 
AV1.5 426 10 2.35 
AV9.1 192 2 1.04 
AV9.2 245 14 5.71 
AV9.4 442 26 5.88 
AV10.1 396 8 2.02 
AV10.2 248 2 0.81 
AV10.3 417 13 3.12 
AV10.4 198 3 1.52 
AV10.5 182 8 4.40 
AV11.1 186 2 1.08 
AV11.2 97 1 1.03 
AV11.3 296 13 4.39 
AV11.4 189 1 0.53 
AV11.5 154 2 1.30 
AV4.1 188 1 0.53 
AV4.2 378 5 1.32 
AV4.4 139 1 0.72 
AV6.1 116 2 1.72 
AV6.4 181 10 5.52 
AV6.5 208 2 0.96 
AV19.1 253 4 1.58 
AV19.3 80 3 3.75 
AV19.4 668 36 5.39 
AV19.5 367 5 1.36 
AV2.1 320 11 3.44 
AV2.2 246 5 2.03 
AV2.3 207 10 4.83 
AV2.4 183 1 0.55 
Total 11000 297 2.70 
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Table 3.2| Plant and plots from where collections from the soil seed bank were taken. Total of 1007 fruit 
collected and 9 seed excised.  
Plant  Seed present No seed Total 
Plant 1(AV6) 0 144 144 
Plant 2 (AV6) 9 199 208 
Plant 3 (AV11) 0 152 152 
Plant 4 (AV11) 0 129 129 
Plant 5 (AV11) 0 154 154 
Plant 6 (AV17) 0 90 90 
Plant 7 (AV17) 0 130 130 
Total 9 998 1007 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 3a |Longitudinal picture of predated fruit. 
Note the hole at the seed tip.  
Figure 3b | A longitudinal section of a predated 
fruit. Note hole at the seed tip and total absence 
of endosperm or embryo.  
Figure 3c | Top down 
picture of predated seed. 
Showing hole at tip. 
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4. Genetic Results 
 
4.1 Genetic diversity of seeds in scat 
From the 297 seeds found in scats 80 were genotyped at time of publication. This left 
seeds from seven of the 38 scats suitable for analysis, ranging from 41 genotyped seeds 
sourced from three scats in AV17 to five seeds from one scat in AV2.(Table 4.1). The 
remaining 31 scats had an insufficient number of completed genotypes (less than 5 
genotyped alleles) 
There was no significant difference in within scat observed heterozygosity (HO), as 
demonstrated by overlapping standard error bars. Or HO among scats, ranging from 
HO= 0.640±0.089 to HO=0.550±0.110. There was no significant difference between HO 
and He in any scat (F=-0.003±0.072 - 0.150±0.131) (Fig. 4.1). 
 Effective number of alleles among seed within scats showed no significant difference 
among scats, which ranged from Ne=4.4±1.49to Ne=2.94 ±0.779. Further, there was no 
significant difference in Shannon’s information index among the seeds from the sampled 
scats,(Fig. 4.1) and six out of seven scats had a mean number of private alleles averaged 
across the seven loci ≥0, with AV17.3 having the highest mean number of private alleles 
of 1.143±0.553. 
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Table 4.1| Seeds from scats, total of 80 seeds from scats were genotyped.  
Plot 
number 
 
Number of scats 
with seed 
 
Number of seeds per 
scat/plot 
 
Number of 
scats with 
 genotyped 
seed 
Genotyped 
seed 
 from scat 
AV1 5 40 2 15 
AV2 4 31 1 5 
AV4 4 7 0 0 
AV6 3 10 0 0 
AV9 3 42 1 19 
AV10 5 26 0 0 
AV11 5 15 0 0 
AV17 3 54 3 41 
AV19 4 48 0 0 
AV20 2 11 0 0 
 
38 284 7 80 
 
 
Figure 4.1| Summary statistics of the genotyped seed collected from scats and summary of descriptive 
genetic statistics for seven microsatellite loci. Scat (plot number. scat number), number of different alleles 
(Na), number of Effective Alleles (Ne), Shannon’s information index (I), Observed Heterozygosity (HO), 
Expected Heterozygosity(He). AV17.1 (n=14), AV1.4 (n=6), AV1.5 (n=9), AV9.4 (n=19), AV17.2 (n=9), 
17.3(n=18) and 2.4(n=5) .All results displayed as mean values ±SE  
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4.2 Genetic variation within and between scats.  
 
Variation among scats from the same plot  
An AMOVA of the genetic variation from seed sourced from within and among the three 
scats sourced from Plot AV17 partitioned 3% of the total variation among scats, and 97% 
of the variation within scats (Table 4.2).  
Pairwise comparison of population differentiation as measured by FST, all showed 
moderate levels of differentiation (Fst=0.012-0.048) (Table 4.3).  
 
Variation among scats from different plots 
An AMOVA of all 80 seeds sourced from all 7 scats partitioned 95% of the total genetic 
variation within scats and only 5% among scats (Table 4.4).  
Three pairwise comparisons showed large differentiation (FST 0.120-0.130) while all the 
others showed moderate to low levels of differentiation (0.082-0.012) (Table 4.5). Mean 
pairwise FST averaged across all scats = 0.053±0.0361 SD.  
A principal coordinate plot demonstrating the genetic distance between seed from scats 
showed AV17.1 and AV1.5 were the most genetically similar, and AV2.3 was the most 
genetically dissimilar to the other scats, closely followed by AV9.4.AV17.1, AV17.2 and 
AV17.3 are moderately genetically dissimilar (Fig. 4.2). 
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Table 4.2| AMOVA results of scats sourced from plot Avon valley 17. 3 scat with a combined sampled size 
of 41.  
Source df SS MS Est. Var. % 
Among Pops 2 7.800 3.900 0.063 3% 
Within Pops 79 176.798 2.238 2.238 97% 
Total 81 184.598 
 
2.301 100% 
 
Table 4.3| Pairwise comparison of seeds sourced from scats within AV17. 17.1 (n=14), 17.2(n=9), 
17.3(n=18). 
Pairwise Population matrix of FST for scats sourced in AV17 
AV17.1 AV17.2 AV17.3 
 - 
  
AV17.1 
0.033 - 
 
AV17.2 
0.012 0.048 - AV17.3 
 
Table 4.4| AMOVA results of all seed sourced from scats across four plots at Avon valley. N=80 
Source df SS MS Est. Var. % 
Among Pops 6 29.330 4.888 0.116 5% 
Within Pops 153 354.820 2.319 2.319 95% 
Total 159 384.150 
 
2.436 100% 
 
Table 4.5| Pairwise FST of all seeds sourced from scats across 7 scats from 4 plots. n=80. Large FST values in 
bold (FST ≥0.1).   
Pairwise Population matrix of FST for all seed from scat 
  AV17.1 AV1.4 AV1.5 AV9.4 AV17.2 AV17.3 AV2.3 
 - 
      
AV17.1 
0.021 - 
     
AV1.4 
0.016 0.023 - 
    
AV1.5 
0.043 0.054 0.038 - 
   
AV9.4 
0.033 0.037 0.040 0.070 - 
  
AV17.2 
0.012 0.028 0.015 0.071 0.048 - 
 
AV17.3 
0.082 0.120 0.078 0.031 0.122 0.130 - AV2.3 
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Figure 4.2| Principal coordinates analysis of genetic distance between seeds from sampled scats. Total of 
7 scats with number of seeds n =80. 
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4.3 Population genetic diversity of adult plants 
 
Adults plants at Avon Valley 
Seventy one plants from four plots were analysed (Table 4.6) and there was no 
significant difference between HO and He across all sampled plots, as indicated by 
overlapping SE bars (F=0.046±0.107:-0.214±0.128) HO ranged from 0.578±0.110 in AV1 
to 0.488±0.076 in AV5. He ranged from 0.656±0.074 to 0.583±0.101 (Fig. 4.3).  
No significant difference was seen in the mean number of effective alleles (Ne) observed 
in the plots. Ne ranged from a mean of 4.087±1.142 in AV1 to 3.118±0.644 in AV11. 
Shannon’s information index also was not significantly different between any sampled 
plots, ranging from 1.39±0.296 in AV1 to 1.223±0.245 in AV11 (Fig. 4.3).  
While private alleles were found in all sampled plots, no plot had significantly more 
private alleles, the mean number of private alleles ranging from 1.429±0.369 in AV15 to 
0.857±0.340 in AV5 (Fig. 4.3).  
 
Adult plants at Sawyers Valley 
One hundred and seven plants were analysed from seven plots (Table 4.7) and there was 
no significant difference between HO and He across the seven sampled plots (F=-
0.049±0.079:- 0.150±0.047). No significant difference was seen between the number of 
effective alleles in any plot, and the range in mean number was small, ranging from 
4.84±1.41 in AV15 to 3.83±0.984 in SV1 (Fig.4.4) 
Shannon’s information index showed no significant difference between plots, ranging 
from 1.47±0.29 in SV15 to 1.309±0.311 in SV7 (Fig 4.4). Mean number of private alleles 
averaged across the seven loci was also small, with the mean number of private alleles 
averaged over all plots 0.245±0.129 and the plot with the highest number of private 
alleles being SV3 with a mean of 0.857±0.286. (Fig 4.4) 
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Table 4.6| Number of adult plants sampled and the numbers of adults for which full genotypes were 
established. N=71 from 4 plots.  
Plot 
Number 
Genotyped 
 
AV1 16 
AV11 19 
AV15 19 
AV5 17 
 
71 
 
 
Figure 4.3| Summary of descriptive genetic statistics for Adult plants (n=71) at Avon Valley averaged over 
7 microsatellite loci. Plot number, number of different alleles (Na), number of Effective Alleles (Ne), 
Shannon’s information index(I), Observed Heterozygosity (HO), Expected Heterozygosity(He). AV1 n=16. 
AV11 n=19. AV15 n=19 .AV5 n=17. All results displayed as mean values ±SE 
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Table 4.7| Sampled adult plant from Sawyers Valley and number of fully genotyped individuals from each 
plot. N=147 
Plot number Genotyped 
SV1 14 
SV3 16 
SV5 26 
SV7 19 
SV9 20 
SV11 23 
SV15 29 
 
147 
 
 
Figure 4.4| Summary of descriptive genetic statistics of adults at Sawyers Valley averaged over 7 
microsatellite loci. Plot number, number of different alleles (Na), number of Effective Alleles (Ne), 
Shannon’s information index(I), Observed Heterozygosity (HO), Expected Heterozygosity(He). SV1, N= 14. 
SV3, N=16. SV5 N=26. SV7, N=19. SV9, N=20. SV11, N=23. SV15, N=29. All results displayed as mean values 
±SE 
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4.4 Genetic differentiation among adult plots  
 
Among Adult plots at Avon Valley 
An AMOVA partitioned 3% of the total variation seen in adult plants among plots, while 
97% of the total variation was partitioned within plots (Table 4.8).  
Pairwise FST comparisons of genetic differentiation between plots showed low to 
moderate levels of differentiation. The plots that were most genetically different were 
plot AV15 when compared to AV1 (FST= 0.030), AV11 (FST=0.029) and AV5 (FST=0.028). 
The most similar plots were AV1 and AV11 (FST=0.008).  Mean pairwise FST= 0.026±0.009 
across all plots (Table 4.9). 
Genetic distance between adult plants, demonstrated in a principal coordinate plot, 
shows that all plots are moderately different, but AV1 is more genetically similar to AV11 
than AV15 and AV5 (Fig. 4.5).  
 
Among Adult plots at Sawyers Valley  
An AMOVA partitioned 99% of the total variation within plots, and only 1% of the total 
variation among plots (Table 4.9). Further, pairwise FST demonstrates that all plots 
showed relatively low differentiation (FST≤0.035); SV3 compared to SV7 showed very low 
differentiation (FST ≤0.01), while no differentiation was seen between SV3 and SV5, SV7 
and SV15 (FST =0.00) (Table 4.10). Mean pairwise FST across all plots was  calculated to 
be 0.014(±0.010). 
Genetic distances represented by a principal coordinate plot shows that SV1 and SV11 
are most genetically distant compared to the other sampled plots. While the other five 
plots (SV3, SV5, SV7, SV9 and SV15) are relativity close in genetic distance (Fig4.6).  
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Table 4.8|AMOVA of adult plots at Avon Valley N=71 
Source df SS MS Est. Var. % 
Among Pops 3 13.009 4.336 0.060 3% 
Within Pops 138 305.899 2.217 2.217 97% 
Total 141 318.908 
 
2.276 100% 
 
Table 4.9|Pairwise FST of adult plots at Avon valley N=71.(FST ≤ 0.01 in italics). 
Pairwise Population matrix FST of adult plots at 
Avon Valley 
AV1 AV11 AV15 AV5 
 - 
   
AV1 
0.008 - 
  
AV11 
0.030 0.029 - 
 
AV15 
0.023 0.038 0.028 - AV5 
 
 
Figure 4.5| Principal coordinate plot of the genetic distance between plots at Avon Valley. 4 plots N=71 
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Table 4.9| AMOVA of adult plots and Sawyers Valley N=147 
Source df SS MS Est. Var. % 
Among Pops 6 21.835 3.639 0.031 1% 
Within Pops 287 671.638 2.340 2.340 99% 
Total 293 693.473 
 
2.371 100% 
 
 
Table 4.10| Pairwise FST of adult plots at Sawyers valley N=147. Moderately large FST values in bold (FST 
≥0.05) and small FST in italics (FST ≤ 0.01).   
Pairwise Population matrix of FST of adults plots at Sawyers Valley 
 SV 1 SV 3 SV 5 SV 7 SV 9 SV 11 SV 15 
 - 
      
SV 1 
0.015 - 
     
SV 3 
0.017 0.000 - 
    
SV 5 
0.028 0.005 0.006 - 
   
SV 7 
0.035 0.000 0.012 0.023 - 
  
SV 9 
0.013 0.012 0.015 0.032 0.023 - 
 
SV 11 
0.021 0.000 0.001 0.003 0.016 0.019 - SV 15 
 
 
Figure 4.6| Principal coordinate plot of the genetic distance between plots at Sawyers Valley. 7 plots 
N=147 
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4.5 Spatial Genetic Structure 
 
Avon Valley 
Spatial genetic structure was assessed using randomly sampled adult plants from Avon 
Valley (Table 4.11). There was no spatial genetic structure detected at either site 
(Random site 1 and Random site 2) (Fig 4.7).  
 
Sawyers Valley  
Spatial genetic structure was assessed using randomly sampled adults plants from 
Sawyers Valley (Table 4.12). The spatial autocorrelation analysis shows no significant 
structure at both Sawyers valley sites, and very little variation around the null 
hypothesis of no spatial structure was observed (Fig 4.8).  
The Sp statistic was calculated for all four random plots. All four plots had very low Sp 
statistics, although, both Avon Valley sites had higher Sp statistic compared to Sawyers 
Valley sites (Table 4.13) 
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Table 4.11| Random sampled adult plants from Avon Valley.  
Plot number Genotyped 
AV(random site 1) 21 
AV(random site 2) 33 
 
54 
 
 
Figure 4.7| Spatial autocorrelation analysis correlograms for Avon Valley random sites (1 &2) showing 
genetic correlation coefficient (r) for increasing distance class sizes, with 95% confidence intervals about 
the null hypothesis of no spatial genetic structure, upper bound(U) lower bound (L) 
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Table 4.12| Number of random sampled adults at Sawyers valley across the two sampled sites 
Plot number Genotyped 
Sawyers Valley Random 1 26 
Sawyers Valley Random 2 31 
 
57 
 
 
Figure 4.8| Spatial autocorrelation analysis correlograms for Sawyers Valley random sites (1 &2) showing 
genetic correlation coefficient (r) for increasing distance class sizes, with 95% confidence intervals about 
the null hypothesis of no spatial genetic structure, upper bound(U) lower bound (L) 
 
 
Table 4.13| Sp statistics calculated across the four random sites, according to-(Vekemans and Hardy 2004)   
Plot Sp 
SV1 0.000494 
SV2 -0.000109 
AV1 -0.001538 
AV2 -0.001335 
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4.6 Comparison of Seed and Adults Plants at Avon Valley  
 For the comparison of genetic diversity and differentiation between seed and adults at 
Avon Valley, a total of 71 adults, and a total of 80 seeds from scat, were genotyped 
(Table 4.14). 
All four sampled plots show private alleles, the highest being AV15 with a mean of 
1.00±0.309. The three other plots had an average of < 1 private allele (AV1: 0.143±0.143, 
AV11: 0.429±0.202, AV5: 0.143±0.143). Only three of the seven sampled scats had seed 
with private alleles, ranging from 0.571±0.297 to 0.143 ± 0.143 (Fig. 4.9). 
Further, there was significant difference in Na, Ne, and He across the three sites, with 
Sawyers Valley having significantly higher Na, Ne, and He as demonstrated by the not 
over lapping error bars (Fig 4.10).  
Pairwise comparisons of the adult plants and seeds shows the largest level of 
differentiation (FST =0.113). AV1.4 is consistently the most different in comparison to the 
other adult plots (AV1.4 ~ AV1: FST = 0.1.06, AV1.4 ~ AV15: FST = 0.079 and AV1.4~ AV5: 
FST =0.092). The most genetically similar seed to all adult plots was seed from scat 
AV9.4, which had a FST ≤0.05 across all sampled adult plots. The adult plot and scat that 
is most similar was AV15 and AV9.4 (FST =0.030) (Table 4.15).  
Mean FST is largest when comparing differentiation between seed and adult plots (FST 
=0.066), with the second highest level of FST seen within seeds from scats (FST =0.053). 
Lowest was Sawyers Valley with FST =0.014 (Fig 4.11.) 
Principal coordinate analysis of genetic distance between adult plots and seeds sourced 
from scat shows that scats are more different compared to adult plants than they were 
to each other, with the exception of AV2.3 and AV9.4, which are more genetically similar 
to adult plants than to other scats. All plots are more genetically similar to each other 
than they are to seeds from scats (Fig4.12).  
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Table 4.13| Total number of seeds sourced from Avon valley and total number of adult plants from Avon 
valley. 
Plot sample type genotyped 
AV1.4 scat 6 
AV1.5 scat 9 
AV2.3 scat 5 
AV9.4 scat 19 
AV17.1 scat 14 
AV17.2 scat 9 
AV17.3 scat 18 
 
Subtotal 80 
AV1 adult 16 
AV11 adult 19 
AV15 adult 19 
AV5 adult 17 
 
Subtotal 71 
Total 
 
151 
  
 
Figure 4.9| Mean number of private alleles of seeds and adults at Avon Valley averaged across 7 loci. All 
results displayed as mean values ±SD 
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Figure 4.10 | Mean ±SE of descriptive statistics compared across the three sampled groups. Number of 
alleles, Number of effective alleles and Expected Heterozygosity. 
Table 4.14| Pairwise FST comparison of Adult plants and seed sourced from scat. N=151. 4 adult 
populations and 7 scats FST ≥ 0.05 in bold FST ≤0.01 in italics.  
Pairwise Population FST of Adults plots and Seed from Scat at Avon Valley 
AV17.1 AV1.4 AV1.5 AV9.4 AV17.2 AV17.3 AV2.3 
 0.049 0.106 0.045 0.033 0.081 0.087 0.033 AV1 
0.061 0.113 0.068 0.047 0.056 0.097 0.062 AV11 
0.061 0.079 0.062 0.030 0.068 0.078 0.066 AV15 
0.065 0.092 0.048 0.042 0.088 0.084 0.060 AV5 
 
 
Figure 4.11| Mean levels of population differentiation measured as FST across sampled sites. And between 
seeds from scats and Avon valley adults. All results displayed as mean values ±SD 
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Figure 4.12| Principal coordinate plot of the genetic distance between plots at Avon valley and the seed 
sources.  
5. Discussion 
In this study, I aimed to assess genetic diversity and spatial genetic structure of 
Leucopogon nutans plants, and their seeds found in emu scats, by comparing; 1) seeds 
within scats; 2) seeds among scats, 3) seeds from scats with local adult plants and; 4) 
spatial genetic structure and genetic diversity between areas with low emu abundance 
and areas of high emu abundance. I also aimed to assess whether emus have the 
potential for long distance dispersal of seed, by moving a large number of seed per scat, 
over long distances.  
Importantly for an understanding of realised dispersal, this study provided novel insight 
into the quantity of filled (potentially viable) seed of dispersed L. nutans fruit sourced 
from scats and of seed fill for fruit from the soil seed bank beneath adult plants. 
Although seed fill of fruits recovered from emu scats was low, with only 2% of fruit 
sourced from scat having a seed suitable for extraction, the size of emu scats was large, 
with an average 255 fruit per scat, showing the potential for dispersal by emus is great. 
Surprisingly, the seed fill of fruits sourced from the soil seed bank under mature adult 
plants was even lower, with just 0.6% of the fruit having seed suitable for extraction. The 
collections from the soil seed bank also showed a high level of predation, with 
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approximately 60% of the seed sourced from the soil seed bank under adult plants 
showing holes consistent with predation. This was seen in six out of the seven soil seed 
bank collections. The only collection that had viable seed also showed evidence of 
clumping and appearance similar to that found in an emu scat (i.e. some seeds in this 
sample likely derived from an emu scat). This predation observed in soil seed bank fruit 
may have occurred while either on the plant or under the adult plant after seed falls. 
This is the first reported case of seed predation seen in L.nutans and first case reported 
in Leucopogon. Given the difference in seed fill between emu-dispersed and non-
dispersed fruits, it seems likely that predation occurred post-seed fall, with seed 
predators focussing on the seed supply close to parent plants. Therefore, the emu, as 
well as dispersing seeds away from parent plants, is also potentially dispersing viable 
seeds away from seed predators. 
In this study, I characterised the genetic diversity and structure of emu dispersed seed of 
the fire-killed shrub species, L. nutans in the northern jarrah (E. marginata) forests of 
SW Australia. I found that the genetic diversity of seeds sourced from emu dispersed 
fruit was high compared when compared to that of standing adult plants, in a region of 
high emu abundance. This suggests that emus disperse seed over large areas, while FST 
and AMOVA results suggest that emus consume seeds from multiple plants that are 
genetically similar before moving between grazing regions.  All three sampled groups 
(seed from scats at Avon Valley SFS, Avon plants AV, Sawyers plants, SV) showed 
similarly high levels of genetic diversity (He =0.583, 0.605 and 0.639, respectively). This 
result, combined with mean number of effective alleles from all sampled groups (SFS: 
Ne= 3.468, AV: Ne= 3.725 and SV: 4.239), suggests that all three of these sampled groups 
have a diverse allelic composition, which will limit genetic drift effects while providing 
diversity from which adaptation can arise (Trakhtenbrot et al. 2005, Barrett and Schluter 
2008). These results suggest that even though the number of viable seed in each scat 
was low, emus successfully provide a genetically diverse seed cache in each scat due to 
their grazing behaviours. This is supported further by the number of alleles found in 
each scat.  As reported, the highest mean number of alleles seen in a single scat was 
AV17.3 (n=18), which shows that emus not only provide dispersal function, but due to 
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the range of movements, they source seed from different areas which leads to a diverse 
genetic mix of seed in a single scat.  
Analysis of the spatial genetic structure of dispersed seed of L. nutans in emu scats 
provided novel insights into dispersal and plant population demographics. There was 
greater genetic structuring of seed sourced from scats than in the adult plant population 
for the same area at Avon Valley as evident by the increase in among population 
variation (3% for adults and 5% for seeds). The seeds sourced from scats at Avon Valley 
were genetically differentiated when compared to the adult plants over the same region 
(FST= 0.07). This suggests that the seeds isolated from scats may have originated from 
outside the study region. 
Conversely, in the relative absence of emus at Sawyers Valley, there was no evidence of 
genetic structuring, as measured by AMOVA (Table 4.9), SAA (Fig4.8) and Sp=0.000494. 
This suggests that there may be unidentified factors which buffer against genetic 
structuring in the absence of emus.  
5.1 Consequences of low seed fill 
The low seed fill found in fruits under adult plants could indicate that L. nutans may 
produce parthenocarpic fruit, which is characteristic of many agricultural and natural 
species, where the fruit is produced but lacks seed and embryonic structure (Gustafson 
1942). In terms of L. nutans, this could be a bet-hedging strategy to ensure the plants 
are visited by dispersers. Fruits are still produced, but due to the large level of seed loss 
resulting from dispersal in unsuitable microsites (Münzbergová and Herben 2005) only a 
small number of fruit contain seed. Therefore reducing the energy used in creating 
embryos, but still enticing dispersers to visit. If pathenocapry is responsible, it would be 
the first reported case in a Leucopogon species.  
Another explanation of low seed fill could also be late acting self-incompatibility 
(SI)/early acting inbreeding depression, leading to late abortion of seeds that are 
genetically similar to the maternal plant, which has been seen in other Western 
Australian species (Stace et al. 1997). The high density of L.nutans plants at both Avon 
Valley and Sawyers Valley, and assuming insect pollinators similar to other Leucopogon 
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species (Keighey 1996), suggests typically nearest neighbour pollination, and the 
possibility that L.nutans has a mechanism that selects against inbred seed.  
A further explanation could be a predator avoidance mechanism as a possible bet-
hedging strategy used by L.nutans where it produces non-filled seed so that predators 
are unable to differentiate between a filled seed and a non-filled seed. There by 
potentially increasing the chances of the filled seed making it to germination and 
establishment stages.  
A popular idea is that emu digestion aids in germination, but as seen in McGrath and 
Bass (1999) effects of emu digestion can be mixed at best and is ultimately dependent 
on the species. Here I propose that emu scats may provide microsite suitability for 
establishment, by moving Leucopogon seed away from high predation risk seen under 
adult plants, as well as potentially increasing the suitability of the deposition site. This 
was seen in Nitraria billardieri where emu dispersal provides a microsite that is higher in 
moisture (Noble 1975). Additionally, emu faeces could provide other predation 
inhibitors while providing an increase in nitrogen and phosphorus, which may aid post 
emergent growth. As seen in multiple studies, birds as dispersal vectors remove the 
fleshy coat thereby allowing seeds to grow to the critical length needed for germination. 
This has been demonstrated in Nitraria billardieri, Lindera benzoin, Prunus virginian and 
Viburnum dentatum (Figueroa and Castro 2002) and this could also be the case for emu 
dispersed L. nutans, but further experimentation and germination work is required.  
Although L. nutans seed fill in my study was low, the sheer number of fruits produced 
per year (>500 fruit per plant) suggests that successful dispersal of viable seeds will 
occur. Theoretically, as little as one migrant per generation is sufficient to reduce the 
impacts of genetic drift and provide enough gene flow to reduce the effects of 
inbreeding in an otherwise isolated population (Mills and Allendorf 1996). In this study 
there is evidence of extensive gene flow from regions outside the study area is 
supported by the principal coordinate analysis comparing Avon Valley adults to the seed 
sourced from scats, which showed that individual plants within Avon Valley plots were 
more similar genetically than are the sampled scats –supporting the idea of seed 
migration into the sampled region.    
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Importantly, the low seed fill per scat as seen here, may (over time) provide a high 
number of successful recruits. As L. nutans is a fire killed shrub (Keighey 1996), dispersal 
during inter-fire periods will provide soil stored seed which will have high diversity and 
provide large scale gene flow, as evidenced by the emu movements inferred in this 
study. The inter-fire accumulation of seeds will provide a genetic buffer in the event of a 
fire removing large numbers of adult plants(Ayre et al. 2009).  
 
5.2 Spatial pattern in recruitment  
Very low seed fill and high predation rate in the soil seed bank under adult plants 
suggests that local recruitment will be limited around parent plants after fire at Avon 
Valley.  As predation around the adult plant is high, it may mean that there is a 
reduction in local recruitment by gravity assisted dispersal after seed falls from the 
plant. Conversely, recruitment is more likely in the scat locations - away from parent 
plants – due to both higher seed fill and low loss to predators. In the event of a 
reduction in abundance of emus at Avon valley, there could be an erosion of genetic 
diversity and a reduction in number of seeds reaching suitable germination sites away 
from predation pressures as a consequence (Chambers et al. 1999). Reduced local 
recruitment may also result in genetically similar seeds failing to germinate away from 
genetically similar adults (García and Grivet 2011). On the other hand, predation rates 
may decline as adult plant density declines (i.e. predator populations will decrease in 
size) and a new (lower) equilibrium plant population size may be established. 
 
5.3 Population differentiation and genetic structure  
The use of FST and AMOVA in this study allowed for the characterisation of genetic 
variation among populations (Ouborg et al. 1999), which under certain assumptions 
(Whitlock and McCauley 1999) can provide an indirect measure of the amount of 
dispersal. The FST in seeds sourced from scats was significantly higher than zero 
(FST=0.053± 0.036), which suggests that there is spatial structuring within the dispersed 
seed. This may arise directly from the browsing behaviour of emus, suggesting that they 
graze locally at genetically similar ‘hotspots’ (areas with suitable fruiting levels), before 
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moving to other ‘hotspots’ and that not all emus graze at the same ‘hotspots’. This 
conclusion is supported by preliminary GPS tracking data . Were emus continuous 
foragers, where they would consume fruit consistently throughout the day, then the FST 
would be close to zero as there would be no difference in the levels of variation seen 
among scats and the results of the AMOVA would partition all of the variation to within 
scats as every scat would be equally variable, as seen in Cassowaries (Griffin et al. 2009). 
Furthermore, the trend of high FST values for scats when compared to standing adults 
suggests that seeds in scats may have originated outside of the sample domain, implying 
that movement of seeds by greater than 3kms is possible by emus. This is also illustrated 
in the principal coordinate ordination, where there is more genetic similarity evident 
between scats than between scats and adult plants (Fig. 4.12).  
The lack of genetic structure, evident among plants at Sawyers Valley, was not the 
expected result and is in contrast with some recent studies which show that the absence 
of primary dispersal vectors results in an increase in spatial genetic structure, as a result 
of decreased dispersal distances (Cordeiro and Howe 2001, Moran et al. 2009). 
Comparing Sawyers valley (mean FST = 0.014) to Avon Valley (mean FST =0.053, Fig.4.14) 
suggests that in the absence of high emu activity, there is a process buffering genetic 
erosion. This could result from: 1) the build-up of soil stored seed within the seed bank 
during the inter fire period may provide a buffer to the erosion of genetic diversity.  This 
was reported in (Ayre et al. 2009), where multiple fires over a short period did not result 
in the expected erosion of diversity and increase in genetic structuring; 2) An 
unidentified secondary dispersal vector for L.nutans which provides seed dispersal which 
may act on smaller scales than emus, resulting in a reduction in population 
differentiation at the scale analysed here (Cain et al. 2000), possible disperses could be 
wallabies or kangaroos, which both have been seen in the area; or 3) the absence of 
emus may be relatively recent and the techniques used here reflect historic patterns of 
gene flow. Therefore if the absence of dispersal is recent in evolutionary time, it would 
not be observable in the current analyses.  
The Sp statistic calculated for the four random samples (two for each study region) was 
much lower than any value previously reported (Vekemans and Hardy 2004). The 
highest result for Sp in L. nutans in this study (Sp= 0.000494) was much lower than the 
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closest reported value seen in common ash  (Fraxinus excelsior ) of 0.00196 (Heuertz et 
al. 2003). This appears to be due to the capacity of the emu as a vector of seed dispersal 
to frequently move large amounts of seed long distances.  
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6. Conclusions 
In relation to the consequences of emus as dispersers of seed of L.nutans within the 
areas examined here, this study provides key insights into emu dispersal, the genetic 
effects and the population dynamics of L.nutans as a consequence of LDD of seed. This 
study revealed the importance of emus as seed dispersal vectors, providing a large load 
of dispersed seed that are highly varied in genetic make-up and diversity.  This study was 
able also to strongly infer that emus have provided seed dispersal into the study region 
from sources more regional than the sample domain of this study.  
My results suggest that in the absence of emus, limited local dispersal may be 
problematic, and further research into the viability and recruitment potential of seed on, 
under and away from adult plants will aid in understanding to what extent near parent 
recruitment is an issue of conservation concern.  
Future research should aim at extending the scale and sampling effort of this study in 
order to increase the ability to detect large scale genetic structure and landscape scale 
patterns for L.nutans and similar species.  The Avon valley population of L.nutans 
comprises of many thousands of plants continuously distributed over a large range 
(approx. 45km2) and as such the scale at which this study was conducted, although 
substantial (9 km2), may have been insufficient to identify larger scale patterns. Genetic 
studies following fire would also provide key insight into the diversity of the soil seed 
bank, while providing key insights into the genetic stability of Sawyers Valley.  
Efforts should be made to limit forest fragmentation, as increased fragmentation will 
reduce the emu’s ability to disperse seed(Herrera and Garcia 2010). Further efforts 
should be made to identify other dispersal vectors for L.nutans, which may act as local 
dispersal agents that in the absence of emus will provide vital dispersal functions.  
Most notably, this study demonstrated that emus, as an effective dispersal vector of L. 
nutans seed, may play a critical role in not only providing genetic diversity, variation and 
distance in the dispersal of Leucopogon nutans, but ultimately for the long-term viability 
of L. nutans populations.  
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